16S rDNA PCR and sequencing are powerful tools for bacterial detection and identification, although their routine use is not currently widespread in the field of clinical microbiology. The availability of pyrosequencing now makes 16S rDNA assays more accessible to routine diagnostic laboratories, but this approach has had limited evaluation in general diagnostic practice. In this study we evaluated a real-time 16S rDNA PCR and pyrosequencing assay for use in a routine microbiology laboratory, by retrospectively testing joint fluid and joint tissue specimens received for conventional culture. We found that use of the real-time 16S rDNA assay was clinically valuable in this specimen type because it enabled us to identify a small number of culture-negative infections. Although faster and less labour-intensive, we found that the utility of pyrosequencing for pathogen identification is still hampered by shorter read lengths compared to conventional (Sanger) sequencing. Combining results from both molecular and conventional culture methods, bacteria were only detected in 11.8% specimens in this study. However, the detection rate was increased to 18.6% if specimens were only included from patients with a documented clinical suspicion of infection. In conclusion, while pyrosequencing had significant advantages in speed and ease-of-use over conventional sequencing, multiple reactions will be required to deliver comparable species-level identification, thus negating many of the benefits of using the technique. We found that 16S rDNA PCR and sequencing should be rationally targeted on the basis of good clinical information in the routine diagnostic setting, and not used as a general screening test for the exclusion of bacterial infection in joint specimens.
Introduction
Diagnosis of bacterial infection is routinely made through the microbiological culture of clinical specimens. However, despite overt clinical signs of infection, these specimens may be falsely negative due to the presence of nutritionally fastidious organisms or the prior use of antibiotics. Without successful bacterial isolation, patients may continue to be treated empirically with broad-spectrum antibiotics. Therefore, the development of improved bacterial diagnostic assays is integral to efforts to improve antibiotic stewardship.
Amplification and sequencing of regions of the panprokaryotic 16S rRNA gene has been helpful in identifying culture-negative bacterial infections in a number of studies [1] [2] [3] . However, conventional PCR, gel-based detection and sequencing methodologies mean that routine testing is labour-intensive and requires considerable financial investment and technical expertise [4] . A number of large clinical microbiology laboratories have made this investment, and may also offer testing as a reference service to other laboratories. However, the ability to perform such testing in-house in the local diagnostic laboratory would be of significant benefit in reducing costs and turn-around-times. Real-time 16S rDNA PCR followed by pyrosequencing would be a quicker and simpler alternative for smaller routine diagnostic laboratories. Pyrosequencing is a method of sequencing by synthesis, the principles of which have been reviewed elsewhere [5] . Pyrosequencing requires significantly less hands-on time, with fewer steps and less complexity compared to the conventional (Sanger) sequencing process, however, pyrosequencing read lengths are limited compared to those of over 500 nucleotides achieved by the conventional method. Despite this, pyrosequencing has recently been applied in 16S rDNA PCR studies; for example, differentiation of bacteria into either Gram-positive or Gram-negative groups was possible using only 3 nucleotides of pyrosequence data [6] and bacteria were identified to at least the genus level using 20 -30 nucleotides from more than one locus in the 16S and/or 23S rRNA genes [7] [8] [9] . However, as sequence read lengths have improved over time to around 50 -80 nucleotides, pyrosequencing may now be a more feasible option for identification to the species level [10] .
Pyrosequencing has a number of current applications in clinical microbiology in addition to bacterial identification using 16S rDNA PCR, including single-nucleotide polymorphism-based detection of drug resistance in Mycobacterium tuberculosis [11] and Influenza A [12] . Pyrosequencing technology is also becoming more accessible for routine diagnostic Microbiology laboratories, particularly due to increased sharing of resources across other clinical laboratory disciplines such as Virology and Molecular Pathology.
The objective of this study was to assess the value of using a real-time 16S rDNA PCR and sequencing approach as a general screening test for the joint fluid and tissue specimens which we routinely receive in our laboratory, and which are frequently culture-negative. We retrospectively tested joint fluid and tissue specimens from 100 patients and compared the performance of a real-time 16S rDNA assay incorporating either conventional sequencing or pyrosequencing methodology, with routine bacteriological culture at the time of specimen submission.
Methods

Clinical Specimens
Study specimens were not subjected to any selection based on clinical criteria, in order to form a representative collection of those routinely received by the laboratory. 152 specimens from 100 patients, submitted to the Microbiology Laboratory at the Royal Infirmary of Edinburgh between February and May 2010 for routine culture, were available for retrospective testing by PCR. The specimen collection comprised 66 (43.4%) surgical joint tissues and 86 (56.6%) joint fluid aspirates, with 64 specimens (42.1%) from native joints and 88 (57.9%) specimens from joints containing prosthetic material. At the time of sampling, 9/100 patients were undergoing antibiotic treatment, 76/100 patients were not undergoing antibiotic treatment and this information was not available for 15/100 patients.
Routine culture comprised 48 hour 37˚C incubation on blood agar, chocolate blood agar and anaerobic blood agar plates, and in Schaedler broth, followed by biochemical identification of isolates. As standard operating procedure, specimens were processed for culture and then promptly stored at 4˚C until the normal point of discard, between 1 and 4 weeks later. At this point, specimens were transferred to -70˚C storage for the study and linked to available clinical data (full data was available for 87/100 patients). Handling and testing of specimens for the study was carried out in accordance with local ethical approval (South East Scotland SAHSC Human Annotated BioResource reference No.10/S1402/33).
Real-Time 16S rDNA PCR
DNA was extracted from stored specimens by DNeasy Blood and Tissue kit (Qiagen) according to the manufacturer's protocols for tissues and Gram-positive bacteria (including proteinase K and lysozyme digestion). Extracts were diluted 1:10 to reduce PCR inhibition. A realtime 16S rDNA PCR assay was used to amplify a 567 bp region at the 5' end of the 16S rRNA gene as previously described [13] . One negative extraction control was added for every batch of 11 -15 samples processed and a negative PCR run control was included for every 10 extracts tested. 5 inhibited specimens were considered as PCR negative for the purposes of assay evaluation. As has been well described [2, 13, 14] , negative controls for both extraction and PCR processes were positive using 16S rDNA PCR; Ct values ranged from 34 to 36. Specimens with Ct values ≤ 34 were sequenced to determine positivity.
Sequencing
Conventional (Sanger) sequencing was carried out using ABI Prism BigDye Terminator and the ABI 3730 instrument (Applied Biosystems). Pyrosequencing was carried out using the Pyromark Q24 vacuum workstation and PyroMark Q24 instrument (Qiagen) with a dispensation order of 20(CTGA). The PCR method was adapted for pyrosequencing by use of a 5' biotinylated forward PCR primer and a pyrosequencing primer with the same oligonucleotide sequence as the PCR probe [13] . Sequence reads were used to query the nucleotide collection of the GenBank database using the nucleotide BLAST program with search criteria for highly similar sequences and exclusion of uncultured or environmental isolates. Conventional sequence read lengths ranged from 483 -563 bp, with ≥99% coverage and ≥99% identity used as the criteria for species assignment. Positive specimens gave strong signal intensity and clear traces; these were distinct in appearance from the very mixed traces of low signal intensity given by negatives. Positives were also pyrosequenced for comparison of the ability to identify the bacteria present. Pyrosequence read lengths ranged from 22 -46 bp, which was sufficient in most cases to assign a genus but not species level identification, based on 100% coverage and 100% identity with other sequences in the GenBank database.
Results
Comparison of 16S rDNA Assay and Culture
Of the 152 specimens in this specimen collection, a total of 18 (11.8%) gave positive results; 12 were positive by both culture and 16S rDNA assay, 3 were positive by 16S rDNA assay only and 3 were positive by culture only ( Table 1) . Compared to culture, the sensitivity of the 16S rDNA assay was 80.0% and the specificity was 97.8%. Overall positivity rates for the individual methods were the same: 15/152 (9.9%) specimens positive by 16S rDNA assay and 15/152 (9.9%) by routine culture.
Three culture-negative specimens were positive by 16S rDNA assay ( Table 2) . The clinical relevance of the additional positive specimens was apparent in two cases. The first case was Streptococcus agalactiae detected in an aspirate from a prosthetic hip joint; the patient was being treated with intravenous penicillin for Group B streptococcal septicaemia with suspected haematogenous spread to the joint. The second case was Haemophilus influenzae detected in an aspirate from a native hip joint in a 3-year-old child; the patient had suspected septic arthritis and was treated empirically. In an additional case, Staphylococcus aureus was detected in a femoral tissue specimen from a patient with a prosthetic hip; interpretation of this result was difficult because a duplicate tissue specimen was negative by both 16S rDNA assay and culture, and S. aureus is part of normal skin flora as well as a true pathogen. Three culture-positive specimens were negative by 16S rDNA assay; the PCR was inhibited in two cases and a low bacterial load of doubtful clinical significance (1 colony forming unit (cfu) coagulase-negative Staphylococcus) was found in the remaining case ( Table 2 ). There were two mixed infections identified by culture; in one case a mixed sequence trace was generated but the PCR was strongly positive, and in the other, the trace was not mixed, presumably demonstrating amplification of the dominant organism only.
Comparison of Conventional Sequencing and Pyrosequencing
A genus-level identification using pyrosequencing was obtained for 12 of the 14 (85.7%) specimens identified to the species level by conventional sequencing ( Table 2 ).
In the remaining 2 cases, sequence reads were not long enough to enable a specific genus-level match in the GenBank database.
Analysis of Clinical Data
Despite combining PCR and culture results, overall in this study bacteria were detected in only 18/152 (11.8%) specimens from 13/100 patients (13.0%). Therefore, as full clinical data were available for 87/100 patients, records were examined for evidence of clinical suspicion of infection (CSI) based on recorded signs of sepsis, erythema, swelling, pain, loss of function, loosening of prosthesis/ joint, raised inflammatory markers, or previous evidence of infection. We found that CSI was noted in only 49/87 (56.3%) patients from whom specimens were sent for culture; 23 had suspected native bone/joint infection and 26 had suspected prosthetic joint infection. Of the 49 patients with CSI, 11 (22.4%) had positive specimens, including three only identified by the 16S rDNA assay. In contrast, of the 38 patients without CSI, none had positive specimens. Of the 13 patients for whom insufficient clinical information was available, two had positive specimens. Therefore, more rational targeting of specimens from patients with CSI would have substantially increased the detection rate from 13% to 22.4% of patients and from 11.8% to 18.6% of specimens.
Conclusions
16S rDNA PCR and sequencing holds much promise as a molecular tool for the diagnosis of culture negative infections, enabling us to reduce broad-spectrum antibiotic use. However, the challenge is to integrate it into widespread use in the routine microbiology laboratory. Although 16S rDNA PCR and sequencing are already in use in some clinical microbiology laboratories, this requires considerable specialist equipment and expertise. The availability of pyrosequencing has the potential to make 16S rDNA assays more accessible to routine diagnostic laboratories as it offers a significantly less labourand resource-intensive approach, however, several issues remain to be resolved. In this study, although pyrosequencing was rapid to perform, and the ease of use of the small PyroMark Q24 instrument made it well-suited to a routine laboratory, read lengths achieved by de novo sequencing were insufficient for species discrimination. Pyrosequencing has been found to generate suitable traces for identification with bacterial loads ≥ 10 4 cfu/ml [10] , and this was consistent with our own findings (data not shown). With either sequencing method, we found that assigning an identity from 16S rDNA sequence reads using GenBank was not straight-forward. Due to a lack of phylogenetic curation of the database, some sequence entries appear to be incorrectly assigned to particular species. As we found in this study, pyrosequencing of a single region within the 16S rRNA gene using the small Pyromark Q24 instrument can still not deliver the identification to the species level which can be achieved by conventional sequencing. Combining pyrosequence data from more than one fragment of the 16S rRNA gene has been more successful at differentiation [7, 8] , but a combination of sequences from hypervariable regions 2, 3 and 6 appears to be optimal [15] . This requires multiple reactions and more sequence analysis, which is less convenient for a routine laboratory.
Sequence quality of entries in the GenBank database is uncertain, with many apparently mis-identified. This means that widespread use in the routine laboratory would require the purchase or in-house construction of a standardised, clinically relevant sequence database [10] in order to achieve acceptable levels of quality and ease of use. A further issue is the generation of mixed sequence traces from specimens with more than one bacterial species present. Although polybacterial infections can now be significantly differentiated using a combination of different 16S rDNA PCRs and commercial software [16] , this is an expensive approach for low sample numbers. However, in a recent study, pyrosequencing was able to accurately identify both organisms in 5/16 specimens with dual infection, with the use of an in-house database [10] .
The use of 16S rDNA PCR is not a perfect pan-bacterial diagnostic strategy because it is not an optimal target for the differentiation of some bacterial species [15] . In addition, the sensitivity is reduced by the problem of amplification of background DNA contamination, as seen in the present study. The sensitivity of real-time 16S rDNA PCR and sequencing compares relatively unfavourably to pathogen-specific real-time PCR, being at least 10-fold less sensitive [13] . Therefore, specimens with low bacterial loads will be missed by using this technique; this may be a particular problem in specimens from prosthetic joint infections where bacteria are likely to be present largely in biofilms. However, as illustrated in this study, it is very useful in identifying bacteria present at higher levels but which are unlikely to grow on conventional culture media due to their fastidious nature or prior antibiotic treatment. Alternative molecular methods, such as performing a battery of species-specific PCR reactions on 16S rDNA assay positive specimens [17] , may circumvent the need for sequencing, but only enable detection of the limited number of organisms actively sought.
In this study, a 16S rDNA PCR assay was used to retrospectively test 152 joint fluid and tissue specimens for comparison to routine microbiological culture. We found good concordance between conventional culture methods and 16S rDNA PCR, and were able to identify a small number of clinically significant additional positive results. There were no potential false positives using 16S rDNA PCR and sequencing since all identifications were concordant with culture, and clinically relevant pathogens were detected in the three PCR positive cases which were culture-negative. However, overall positivity rates were unexpectedly low, therefore a full evaluation of the effectiveness of the 16S rDNA PCR assay compared to conventional culture in joint fluid and tissue specimens will require a larger study. In this study, combining results from both molecular and conventional culture methods, bacteria were only detected in 18/152 (11.8%) specimens. Other similar studies have described composite culture and 16S rDNA PCR detection rates ranging from 18.5% -62.5% in joint specimens [1, 2, [17] [18] [19] . Further investigation revealed a significant proportion of specimens in this study (56%) were sent from patients without a documented suspicion of infection. Therefore, testing a subset of the received specimens, based on good clinical information, would have increased the detection rate from 11.8% to 18.6% of specimens and from 13% to 22.4% of patients. As even a single additional positive result is important for the management of the individual patient, this molecular assay would be a beneficial addition to routine culture, but only where specific clinical criteria are met; opportunistic sampling to exclude bacterial infection should be discouraged.
In conclusion, while pyrosequencing had significant advantages in speed and ease-of-use over conventional sequencing, multiple reactions are required to deliver comparable species-level identification, thus negating many of the benefits of using the technique. Furthermore, 16S rDNA PCR should be rationally targeted on the basis of good clinical information in the routine diagnostic setting, and not used as a general screening test for the exclusion of bacterial infection in joint specimens.
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